Changes in the toxicity in chlorinated water after chlorine addition were examined. For toxicity evaluation, the chromosomal aberration test and the transformation test were conducted as indexes of initiation activity and promotion activity, respectively, in the carcinogenesis process.
INTRODUCTION
In general, concentrations of trihalomethanes and haloacetic acids in chlorinated drinking water increase in water distribution systems. This strongly suggests that the toxicity of disinfected water is not stable and changeable. From this viewpoint, the change in the toxicity of chlorinated humic acid after chlorine injection has been examined by authors (Itoh et al. 2001) . For the measurement of toxicity, in vitro bioassays as indexes in the carcinogenesis process were carried out. A chromosomal aberration test using Chinese hamster lung cells was carried out as an index to initiation activity, and a transformation test using mouse fibroblast cells was carried out as an index to promotion activity.
As a result, it was found that activity inducing chromosomal aberrations in chlorinated humic acid gradually decreased over time after chlorination. In contrast, activity inducing transformations gradually increased. Thus, toxicity that decreases or increases is present in chlorinated water. Since typical by-products such as trihalomethanes and haloacetic acids increase after chlorination, it is widely believed that the toxicity of drinking water also increases. We have pointed out, however, that it might be early to conclude that the toxicity of drinking water increases in water distribution systems.
In this study, MX (3-Chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone) known as a strong mutagen is focused on in addition to typical chlorination by-products.
MX has received much attention because of the strong genotoxic activity. After Komulainen et al. (1997) reported the carcinogenic potency of MX in rat, the necessity of the water quality management of MX has been discussed (Melnick et al. 1997; Hirose et al. 1999 ).
In addition, it has been found that MX is unstable in water and reacts with residual chlorine (Meier et al. 1987; Kinae et al. 1992) . This means that a concentration of MX might decrease after it is formed by chlorine. This direction of change is in reverse to those of concentrations of trihalomethanes and haloacetic acids. A problem is which of these carcinogenic by-products is appropriate as an index of the change of the toxicity of chlorinated water. In the previous study (Itoh et al. 2001) , experiments were conducted using commercial humic acid as the first step.
Natural water was used in this study in order to propose an appropriate index for comparing the toxicity of chlorinated drinking water in distribution systems.
MATERIALS AND METHODS

Chlorination and concentration of Lake Biwa water
Lake Biwa is the largest lake in Japan and also the major water source for 14 million people in Kansai area in Japan.
The surface water of Lake Biwa was used in this study. Lake Biwa water filtered with a 1.0 mm membrane filter of which DOC (dissolved organic carbon) was 1.9 mg l 21 was chlorinated at an initial concentration of 2.0 mg l 21 . Sodium hypochlorite stock solution (Wako Pure Chemical Industries, Ltd.) was used for chlorination. Available chlorine in the stock solution was analyzed by the DPD ferrous titrimetric method (APHA/AWWA/WEF 1998) just prior to use. The chlorination proceeded at 208C in a dark room.
The pH was not adjusted, however, it was maintained at 7.4 to 7.8 during the chlorination. Residual chlorine was detected during the chlorination, however, dechlorination was not carried out so as not to change the activity inducing chromosomal aberrations and transformations in chlorinated waters. It was confirmed that the trace residual chlorine had no influence on bioassays.
Organic matters in a sample water were concentrated by adsorption and desorption method using Sep-Pak Plus(Long) CSP800 (Nihon Waters K.K.) resin according to the procedure described by Urano et al. (1994) . 20 l of a sample water adjusted at pH 2 was fed to CSP800 cartridges at a flow rate of 50 ml min 21 . The adsorbed substances were desorbed by DMSO (dimethylsulfoxide). The final volume of DMSO was 2 ml, and the concentration factor was 10000
times.
Chromosomal aberration test
Chinese hamster lung cell (CHL/IU) was obtained from Dainihon Pharmaceutical Co., Ltd. Cells were cultured with Eagle's MEM (Nissui Pharmaceutical Co., Ltd) supplemented with 10% fetal bovine serum (Gibco Oriental Co., Ltd). CHL culture was grown in 12 ml media, in a glass silicon-capped bottle. 0.06 ml of a concentrated solution in DMSO was added to a 1-day-old culture. As a result, a concentration of DMSO in the media was 0.5%. Bacteria in a sample were eliminated by a 0.22 mm filter. Only activity inducing chromosomal aberrations without activation was measured in this study. Chromosome preparation was made after 24 hours culturing of the addition (Sofuni 1999) .
The previously developed image analysis was used to objectively evaluate results of chromosomal aberration test (Itoh et al. 1992) . 
Transformation test
The In contrast, in the case of the non-two-stage transformation test, a sample is added from the beginning without adding 3-MC. The assay is completed by the continuing addition of a sample. This testing method is useful for measuring the toxicity including genotoxicity of a sample.
The image analysis was also used for detecting transformed foci (Sumitomo et al. 1998) . 
Assays of chemicals
Chromosomal aberration tests and transformation tests of some chemicals including chlorination by-products were carried out. 14 chemicals that are suspected to have initiation and/or tumor-promotion activity were selected from review papers (Ishidate et al. 1988; Sakai et al. 1993; Budunova & Williams 1994; Sofuni 1999) . When ethyl alcohol and DMSO were used to dissolve a chemical, the final concentrations of ethyl alcohol and DMSO are needed less than 1% and 0.5%, respectively, in the media. It has been confirmed that ethyl alcohol and DMSO do not influence the chromosomal aberration test up to concentrations of 1% and 0.5%, respectively (Sofuni 1999) . No influence was confirmed in the transformation test either.
Analytical procedures
Chloroform was extracted with hexane, and the concentration was determined by a gas chromatograph with an electron capture detector (GC-ECD, Shimadzu GC-14B) using a 2 m £ 2.6 mm i. 
RESULTS AND DISCUSSION
Result of bioassays of chlorinated Lake Biwa water Figure 1 shows the result of bioassays of Lake Biwa water after the addition of chlorine. The residual chlorine after four days was 0.8 mg l
21
, and pH was maintained at 7.4 to 7.8 during the chlorination. Activity inducing chromosomal aberrations of Lake Biwa water was produced by chlorine, however, it was unstable and gradually decreased over time after chlorination. In contrast, activity inducing transformations measured by the two-stage assay gradually increased.
Thus, the toxicity that decreases or increases is present in chlorinated water.
In addition to these two kinds of assays, the non-twostage transformation test, which is useful for measuring the whole toxicity including genotoxicity of a sample, was carried out. Comparison with activity of some chemicals Since the chromosomal aberration test and transformation test are carried out as indexes to initiation activity and promotion activity, respectively, it appears that initiation activity in chlorinated water is stronger than promotion activity. It also seems that initiation activity of chlorinated water decreases sharply and promotion activity increases slightly. It is assumed that the decrease of activity inducing transformations measured by the non-two-stage assay shown in Figure 1 can be attributed to this reason.
This phenomenon is illustrated in Figure 3 . The increasing toxicity (promotion activity) is present in chlorinated water, however, initiation activity drastically decreases. Since the toxicity of water is measured by in vitro assays in this study, it is not possible to get a conclusion on the change of toxicity on the human body. However, it should be noted that the whole toxicity associated with carcinogenic activity can be mainly attributed to initiation activity and presumably decreases over time after chlorination.
Changes of typical by-products and MX In contrast, Figure 5 shows the change in concentration of MX. It was found that MX decreases over time after it is formed by chlorine. This decrease could be attributed to hydrolysis and the reaction of MX with residual chlorine (Meier et al. 1987; Kinae et al. 1992) . transformations by the non-two-stage assay. This suggests that MX can be one of the indexes for the toxicity detected by these bioassays.
Behavior of MX in water
The stability and the toxicity change of MX in distilled water and chlorine aqueous solution were examined. The MX aqueous solution in a phosphate buffer of 67 mM at pH 7.0 was treated with chlorine. The chlorination proceeded at 208C in a dark room. Figure 6 shows the change in concentration of MX. It shows MX decreases slightly even in water without chlorine, and the decreasing rate of MX increases with increasing chlorine added to the solution. 
The usage of MX as an index
To evaluate the usage of MX as an index, reaction rates of changes in the toxicity and the concentration of MX are determined. Decreasing rate constant k for MX is given by assuming first-order reaction at the initial stage after reaching the maximum.
where C is concentration of MX (ng l 21 ), t is reaction time (day), and k is decreasing rate constant (day 21 ). Decreasing rate of MX was taken as the slope of the decrease in Figure 5 , and calculated constant k was 0.19 day 21 .
Subsequently, decreasing rate constants were calculated with Figure 1 , by replacing C in the equation (1) On the other hand, it has been revealed that pH affects the stability of MX in water. Kinae et al. (1992) et al. (1987) have shown that MX is unstable under alkaline condition compared to acidic condition. In addition, it was pointed out that there is a discontinuous region where MX is more stable at pH 8 than at pH 6. In contrast, Itoh et al. utilizing MX as an index. In this study, it was pointed out that MX would be an appropriate index under the condition of neutral pH and chlorine dosage typically used in practice.
This study demonstrates that MX can be utilized for comparing the toxicity of tap water near and far from a water purification plant. When polluted raw water is chlorinated, however, higher concentrations of trihalomethanes and haloacetic acids are formed. In this sense, these typical byproducts are still useful as indexes. The important point would be that indicator by-products have to be selected in view of the purpose of water quality management.
CONCLUSIONS
Activity inducing chromosomal aberrations in chlorinated Lake Biwa water gradually decreased over time after chlorination. In contrast, activity inducing transformations determined by the two-stage assay gradually increased.
Thus, toxicity that decreases or increases is present in 
